Sirtuins (SIRTs) are class-III NAD-dependent histone deacetylases (HDACs) that regulate various physiological processes. Inactivation of SIRT1 in the mouse leads to male sterility, but the molecular mechanisms responsible for this phenotype have not been determined. Here we show that fetal testis development appears normal in Sirt1 À/À mice. In contrast, the first round of spermatogenesis arrests before the completion of meiosis with abundant apoptosis of pachytene spermatocytes, abnormal Leydig and Sertoli cell maturation, and strongly reduced intratesticular testosterone levels. We show that this phenotype is the consequence of diminished hypothalamic gonadotropinreleasing hormone expression and strongly reduced luteinizing hormone levels. Rather than having an intrinsic effect on male germ cells per se, our results show that SIRT1 regulates spermatogenesis at postnatal stages by controlling hypothalamus-pituitary gonadotropin (HPG) signaling. In addition to its well studied role in control of metabolism and energy homeostasis, our results thus reveal a novel and critical function of SIRT1 in controlling HPG signaling. This phenotype is more severe than those previously described using mice bred on different genetic backgrounds, and highlights the fact that SIRT1 function is strongly modified by other genetic loci.
INTRODUCTION
Spermatogenesis is a complex process involving differentiation of spermatogonial stem cells into mature sperm. The process comprises three principal stages: the self-renewal and differentiation of the spermatogonial stem cells and subsequent spermatogonial proliferation; the entry into and completion of the meiotic divisions; and spermiogenesis, the postmeiotic maturation of haploid spermatids into mature spermatozoa [1] . Infertility could result from interruption of any of these processes due to intrinsic problems with the germ cells, the supporting Sertoli cells, or the testosterone-producing Leydig cells, but also may be due to changes in the endocrine signaling programme that supports the whole process. Environmental influences and dietary habits have important consequences on the efficiency of spermatogenesis and have considerable influence on male fertility [2] . Understanding the molecular events that occur during spermatogenesis is vital in addressing how it is influenced by metabolic status and how this may relate to the issues of increasing male infertility in humans.
Gonad development and function are controlled by the gonadotropins of the pituitary and the releasing hormone of the hypothalamus. The hypothalamo-pituitary-gonadal (HPG) axis governs normal spermatogenesis through hypothalamic gonadotropin-releasing hormone (GNRH), which directs the pituitary to produce and release luteinizing hormone (LH) and folliclestimulating hormone (FSH) [3] . LH binding to its cognate receptor on Leydig cells is an important stimulus for the synthesis of testosterone, and is therefore required for normal adult Leydig cell maturation and function [4] [5] [6] [7] [8] . FSH binds to its receptor (FSHR) expressed by Sertoli cells and regulates their development and function [9] [10] [11] . Mice with hypogonadotropic hypogonadism (HPG mice) have a deletion in the Gnrh gene and display severely reduced LH/FSH levels, resulting in defective adult-type Leydig cell development, decreased testosterone production, and infertility [12] . Furthermore, it is well established that diet also strongly influences the pituitary-gonadal axis, both in humans and rodents [13] .
Sirtuins (SIRTs1-7 in mammals) are class-III NADdependent histone deacetylases (HDACs) that regulate various physiological processes [14, 15] . Mammalian SIRT1/SIR2 associates with and modulates the functions of TP53, FOXO, PPARGC1A (also known as PGC1), and several other factors [16, 17] . SIRT1 has been shown to be important for transcriptional regulation of several genes involved in regulating glucose and fat metabolism, cell death and differentiation pathways, and stress responses. It also plays an important role in coupling aging and calorie restriction with other metabolic processes. During calorie restriction, SIRT1 expression is induced, but it is repressed in mice fed a high-fat diet or in diabetic mice [18] [19] [20] .
The gene encoding SIRT1 has been inactivated in mice, leading to stunted growth and enhanced neonatal lethality [21] . Examination of the mutant animals showed that they display a variety of problems in pancreas, liver, lung, and skeleton. Importantly, both male and female Sirt1 À/À mice are infertile. However, the molecular basis for the sterility of the male Sirt1 À/À mice remains to be determined. We have made a detailed histological and molecular analysis of spermatogenesis and adult-type Leydig cell development in Sirt1 À/À mice. Our results show that SIRT1 is not required for normal fetal testis development, but that the first round of spermatogenesis arrests in late meiosis. Mutant testes are also characterized by abnormal Leydig and Sertoli cell maturation and reduced expression of steroidogenic genes resulting in strongly reduced intratesticular testosterone levels. We show that this phenotype is the consequence of a reduction of GNRH expression and strongly reduced FSH and LH levels. These results make clear that, in the genetic background used here, rather than having an intrinsic effect on male germ cells per se, SIRT1 regulates spermatogenesis at postnatal stages by controlling HPG signaling.
MATERIALS AND METHODS

Recombinant Mice
Sirt1
þ/À mice were obtained from M. McBurney [21] . Sirt1 À/À mice were bred for 14-18 backcrosses on a 129/SV background, and were maintained in the Institut de Génétique et de Biologie Moléculaire et Cellulaire (IGBMC) mouse facility in accordance with the French national animal ethics regulations.
Histological Analysis
Wild-type and mutant testes from age-matched littermates were fixed in Bouin or paraformaldehyde solution, embedded in paraffin, and 5-lm-thick sections were used for hematoxylin and eosin staining. Type-1 3b-HSD staining was performed as described by Teerds et al. [22] . Briefly, sections were incubated overnight at 48C with a polyclonal anti-3b-HSD type 1 antibody raised in goat (C-18, SC-30821; Santa Cruz Biotechnology, Santa Cruz, CA) diluted 1:300 in Tris-buffered saline (TBS) þ BSA-c (Aurion, Wageningen, The Netherlands). This was followed by five washes with TBS and incubation with a biotinylated secondary rabbit-anti-goat antibody (Vector Laboratories, Burlingame, CA) diluted 1:200 in TBS þ BSA-c for 1 h at room temperature. Slides were again washed in TBS and incubated for 60 min with the components avidin and biotin of the ABC staining kit elite (Vector Laboratories) diluted 1:1500 in TBS þ BSA-c. Bound antibody was visualized using 0.6 mg/ml solution of 3,3 0 -diaminobenzidin in TBS, to which 0.03% H 2 O 2 was added. Slides were counterstained with Mayer hematoxylin. In the control experiments, the first antibody was replaced by normal goat serum. No background staining was observed (data not shown). The histology shown in the figures is representative of the staining obtained from three mice in each group.
Western Blot
Seminiferous tubules from different stages of spermatogenesis were prepared as previously described [23] , and equal amounts of testis from 2-3 age-matched, wild-type and SIRT1 mutant littermates mice were lysed in SDS loading buffer. Immunoblots were performed using anti-actin, anti-steroid acute regulatory protein (STAR), anti-SIRT1, anti-H3-Ser10P, anti-SCP3, and anti-g-H2AX antibodies (Santa Cruz Biotechnology, Upstate Biochemicals, Abcam).
RNA Isolation and Real-Time RT-PCR Analysis
A 1-lg aliquot of total RNA isolated from 3-wk-old wild-type and mutant mice (n ¼ 3) using TRIZOL reagent was reverse transcribed with Superscript-II kit. Real-time Q-PCR (Roche) analysis was performed using QuantiTect SYBR green RT-PCR kit. Standards and samples were run in triplicates, and the results were subjected to statistical analysis (see below). A table describing the sequences of the primer pairs used, as well as a description of the transcriptome experiments, is included in the Supplemental Data, available online at www. biolreprod.org. These data have been deposited at Array Express with accession number 59 943. Levels of 18s rRNA and ribosomal protein, Rplp0 (36B4), were used for normalization.
Hormone Measurements
Intratesticular testosterone levels were measured by first weighing and then homogenizing testes from 27-day-old wild-type and mutant mice (n ¼ 3) in PBS. The homogenate was extracted with diethyl ether and the ether phase was dried. The steroids were resuspended in PBS and analyzed by radio immune assay (RIA) using the kit purchased from ICN Biomedicals. All samples were assayed in duplicate. LH from pooled serum samples from three 21-day-old mice was measured by the standard protocols of the Ligand Assay and Analysis Core Laboratory (University of Virginia, Charlottesville, VA). LH was below detection limits in the mutant serum (reportable range: LH 0.08-37.4 ng/ml). FSH levels from 12-day-old mice (n ¼ 3) were determined by RIA. Hormone levels were expressed in terms of National Institute of Diabetes and Digestive and Kidney Diseases (NIDDK) standards. The inter-and intra-assay variations were 10% and 7.5%, respectively.
Statistical Analysis
Student t-test and one-way ANOVA were performed using Microsoft Excel. Significantly different values with P , 0.05, P , 0.01, and P , 0.001 are appropriately indicated in the figures.
RESULTS
Spermatogenesis Is Arrested During Late Meiotic Prophase in Sirt1
À/À Mice It has previously been shown by immunofluorescence that SIRT1 is expressed in male germ cells, principally in spermatogonial stem cells and round spermatids [21] . Immunoblot analysis of SIRT1 expression in wild-type testis showed that it is expressed at all stages of spermatogenesis, and is developmentally regulated with a peak in prepubertal/pubertal mice and between stages VII and XII of adult spermatogenesis ( Fig. 1, A and B) . Interestingly, the immunoblot revealed two closely migrating SIRT1 species in the testis, while in other cell types only a single species was observed. (Fig. 1, A and B, and Supplemental Fig. 1A) . A similar observation was made by Moynihan et al. [24] , where a doublet was observed in testis and weakly in brain, while a single species was seen in other tissues. The shorter testis-specific form of SIRT1 does not appear to arise from alternative splicing as exon-specific RT-PCR of SIRT1 transcripts from liver and testis did not reveal any significant differences (data not shown). Mass spectrometry analysis of SIRT1 immunopurified from testis extracts confirmed that both proteins seen on the immunoblot are indeed SIRT1, and the peptide coverage suggests that the shorter species is generated from an alternative translation start site located 20 codons downstream of the first ATG within the first exon (data not shown). The functional significance of this N-terminal truncated testis-specific species remains to be determined.
Heterozygous SIRT1 mice and homozygous null descendents were bred on a 129/Sv background [21] . Under these conditions, the majority of the Sirt1 À/À animals die around Postnatal Weeks 3 or 4, and only rare animals survived until 6 wk of age.
To characterize the spermatogenesis phenotype in the Sirt1 À/À animals, we first made a histological analysis of the testis from 1-day-old and 3-wk-old Sirt1 À/À animals and their wild-type littermates. Hematoxylin and eosin staining of testis sections from 1-day-old neonates did not reveal any obvious defects in fetal gonad development (Supplemental Fig. 1B ). In contrast, sections from 21-day-old Sirt1 À/À mice showed 1C ) and an increase in cH2AX levels ( Fig. 1C) in the knockout mice. Nevertheless, no differences in TRP53 levels were observed in testis extracts from the wild-type and Sirt1
animals, indicating that this apoptosis is probably not mediated through TRP53 (Fig. 1C) . Similarly, the levels of H3 serine-10 phosphorylation are comparable in the testis of wild-type and mutant animals, indicating that germ cell proliferation is not significantly decreased (Fig. 1C) .
Reverse transcription coupled with real-time quantitative RT-PCR (RT-QPCR) was used to assess the changes in gene expression in the mutant testis. Expression of late-meiotic and postmeiotic genes, such as DNA polymerase-kappa (Polk) and protamines (Prm1 and Prm2) were severely down-regulated in the mutant testis (Fig. 2, A and B) . In contrast, the expression of genes transcribed during the premeiotic stages and early to mid-meiosis was not significantly altered or even somewhat up-regulated (e.g., Hist1h1t, Msh2, Mash6, Dazl, and Stra8 in Fig. 2, A and B) [25, 26] . These observations confirm the histological analysis and show that spermatogenesis progresses   FIG. 1. A and B) Representative Western blot analysis of SIRT1 expression in testis from mice at different ages (A) and tubules corresponding to different stages of spermatogenesis (B). Expression of the N-terminally truncated SIRT1 protein is developmentally regulated. M, molecular mass of standards in kDa. C) Immunoblot of testis lysates from 3-wk-old wild-type ( þ/þ ) and mutant ( À/À ) mice using anti-SIRT1, anti-p53, anti-actin, anti-H3 ser-10P, and anti-cH2AX antibodies. Actin was used as a control for loading. D and E) Hematoxylin and eosin staining of 3-wk-old testis sections showing abnormal, large, apoptotic meiocytes in the mutant testis, but not in the wild-type. DS, Dying spermatocyte; Lu, lumen; P, pachytene spermatocyte. Bars ¼ 5 lm (E) and 15 lm (D).
FIG. 2. Expression of marker genes during
germ cell maturation in 3-wk-old mice. RT-QPCR analysis of premeiotic/meiotic genes (Dazl, Ldhc, Stra8, Hist1h1t, Msh2, Msh6, and Dmc1) and postmeiotic genes (Polk, Prm1, and Prm2) (A) and linear fold change obtained by the same analysis in comparison with the microarray data (B). Open and shaded bars represent wild-type and mutant samples, respectively. Three animals were used in each group, and the analysis was performed in triplicates. Errors bars represent 6 SD. Statistically significant data are represented by Student t-test P values ,0.05 (*) and ,0.01 (**).
until early meiosis, but that SIRT1 may be required for late meiosis and spermiogenesis.
SIRT1 Is Required for Adult-Type Leydig Cell Development and Testosterone Synthesis
The limited analysis above did not identify genes, the deregulation of which would account for the phenotype seen in the mutant testis. To make a more comprehensive analysis, total RNAs were extracted from three 3-wk-old testes of wildtype and Sirt1 À/À mice and used for microarray analysis (see Supplemental Data and Materials and Methods). Overall, 442 genes were up-regulated and 925 down-regulated upon loss of SIRT1 (Supplemental Fig. 2A ). Among the most strongly down-regulated genes are those expressed in the postmeiotic cell population missing in the mutant testis ( Fig. 2B and Supplemental Fig. 2B) .
A closer analysis showed that several Leydig cell-expressed genes involved in steroid metabolism were also downregulated. Among these are STAR and cytochrome P450, family 17, subfamily a, polypeptide 1 (Cyp17a1; Supplemental  Fig. 2D ). The strong down-regulation of these genes in the mutant testis was confirmed by RT-QPCR and, in the case of STAR, by immunoblot analysis (Fig. 3, A and F , and Supplemental Fig. 2D ). In contrast, the expression of Nr5a1 [27] , Nr5a2 (also known as LRH1) [28] , and Nr0b1 (also known as DAX1) [29, 30] , transcription factors involved in the regulation of these genes, was not altered (Fig. 3B) .
Leydig cells occupy the intertubular spaces and are responsible for testosterone synthesis, and are therefore crucial for normal testis physiology [4] . STAR is responsible for mitochondrial cholesterol transport in these cells, the ratelimiting step in steroidogenesis [31] [32] [33] . Reduced levels of STAR could be explained by the defective expression of this gene or by a reduction in the number of adult-type Leydig cells present in the mutant testis. In agreement with the latter idea, we observed a potent down-regulation of the adult-type Leydig cell markers insulin-like 3 [34] and kallikrein 1-related peptidase b24 [35] (Fig. 3D) . In contrast, no significant difference in the expression of these genes, or of the Star and Cyp17a1 genes involved in steroidogenesis, was seen using RNA from the testis of 1-day-old wild-type and mutant pups (Fig. 3E ). These observations suggest that loss of SIRT1 does not affect the development of fetal Leydig cells, but results in diminished numbers of adult-type Leydig cells.
In agreement with the above, histological analysis of testis sections from 3-wk-old mice clearly showed a severely reduced number of developing adult-type Leydig cells in SIRT1-mutant testis (Fig. 4, A and D) . In the wild-type, most progenitor cells have already acquired an oval-to-round-shaped nucleus, characteristic of maturing adult-type Leydig cells. In mutant testes, clusters of fetal-type Leydig cells could be seen, as well as some early spindle-shaped progenitor cells in close vicinity to the seminiferous tubules and blood vessels. No differentiating Leydig cells with an oval-to-round-shaped nucleus were observed. These observations were confirmed by 3b-hydroxysteroid dehydrogenase type 1 immunohistochemical staining of fetal-type and progenitor Leydig cells (Fig. 4 , B, C, E, and F) [22, 36] . These results suggest that SIRT1 inactivation does not affect fetal Leydig cell development, but severely affects adulttype Leydig cell maturation.
As STAR and CYP171A are essential for normal steroidogenesis, we compared testosterone levels in wild-type and mutant animals. Sirt1 À/À mice have severely reduced growth and, due to their small size, it was impossible to isolate enough serum from each animal to perform an RIA to measure circulating testosterone concentrations. Instead, we resorted to measuring intratesticular testosterone levels. Testis extracts were made from 27-day-old wild-type (n ¼ 5) and Sirt1 À/À (n ¼ 4) mice and assayed by RIA. This approach showed .5-foldlower intratesticular testosterone levels in Sirt1 À/À mice when compared with their wild-type littermates (Fig. 3G) . Loss of SIRT1 therefore leads to reduced STAR levels and strongly diminished intratesticular testosterone levels.
In order to measure androgen signaling, we checked for the expression of reproductive homeobox 5 (RHOX5), an androgen-regulated homeobox gene [37] specifically expressed in Sertoli cells. Expression of this gene was down-regulated in FIG. 3. A-E) RT-QPCR analysis of Leydig cell-specific/steroidogenic genes using RNA isolated from 3-wk-old (A-D) and 1-day-old (E) testis. F) Immunoblot showing the reduced expression of STAR in two representative 3-wk-old wild-type and mutant testes, and the decrease in the expression of testosterone target gene RHOX5 mRNA. G) Levels of intratesticular testosterone in testes from 27-day-old wild-type (n ¼ 3) and mutant (n ¼ 3) mice measured using RIAkit. H) RT-QPCR analysis of expression of GNRH from wild-type and mutant hypothalamus. Open and shaded bars represent wild-type and mutant samples, respectively. Errors bars represent 6 SD. Statistically significant data are represented by P values ,0.05 (*) and ,0.001 (***).
SIRT1 REGULATES HPG SIGNALING the mutant testis, and this could not be accounted for by the loss of androgen receptor (AR) expression, which was, in fact, mildly up-regulated in the mutant testis (Figs. 3F and 5B). Similarly, it was recently shown that the gene encoding deleted in azoospermia-like (DAZL) is down-regulated in HPG mice treated with testosterone [37] , while it is up-regulated in the Sirt1 À/À mice (Fig. 2) . Together, these observations show reduced levels of testosterone and androgen signaling upon inactivation of SIRT1.
Altered Sertoli Cell Differentiation in SIRT1 Mutant Mice
One of the most obvious features of the testis of the Sirt1 À/À mice is the nearly complete lack of tubular lumen formation (Fig. 1E) . At 21 days, 99% of the wild-type seminiferous tubules have a tubular lumen, while only 3% of the mutant seminiferous tubules show a tubular lumen (Fig. 5D) . Moreover, the average mutant seminiferous tubular diameter was reduced around 40% compared with the wild-type (Fig.  5D) . The reduced diameter is the consequence of the absence of a lumen and the less-advanced stage of germ cell development.
The appearance of a lumen in the seminiferous tubules is a marker for Sertoli cell differentiation [38] . Careful histological analysis of the Sirt1 À/À testis revealed altered Sertoli cell differentiation. In the 3-wk-old wild-type testis, the Sertoli cell nucleus contained one single nucleolus, characteristic of maturing Sertoli cells, while, in the age-matched mutants, several smaller nucleoli were often still present, indicative of a more immature stage of Sertoli cell development (Fig. 5A) . Only small differences in cytochrome P450, family 19, subfamily a, polypeptide 1 (CYP19) and AR expression were observed (Fig. 5B) , whereas that of FSHR and keratin 18, a marker for immature Sertoli cells, was significantly induced (Fig. 5C ) [9] . These results and the diminished RHOX5 expression show that loss of SIRT1 leads to defective Sertoli cell maturation.
Diminished HPG Endocrine Signaling in Sirt1
À/À Mice
The results presented above indicate that lack of SIRT1 leads to defects in the maturation and function of both Leydig and Sertoli cells. In order to determine whether this phenotype results from changes in endocrine signaling, we measured serum LH and FSH levels from 21-and 12-day-old mice, respectively. As mentioned above, due to the small size of the mutant mice, it was impossible to obtain adequate amounts of serum from individual animals. We therefore analyzed the pooled serum from three wild-type or mutant animals. The levels of LH in the mutant mice were below the detection limit of the RIA, while they were readily measurable in the wildtype (Table 1 ). In contrast, FSH levels were only reduced by around 50% (Table 1) . We also investigated hypothalamic GNRH expression by RT-QPCR, also showing a statistically significant 2-fold reduction in its expression in the mutant samples (Fig. 3H) .
FIG. 4. Leydig cells in 3-wk-old wild-type and Sirt1
À/À testis sections. A) Hematoxylin and eosin staining (arrow shows intertubular cells). B and C) Type-1 3b-hydroxysteroid dehydrogenase (HSD3B1)-positive fetaltype Leydig cells (arrow) at lower and higher magnifications. Arrowheads in C indicate spindle-shaped HSD3B1 positive progenitor cells (inset, progenitor at a higher magnification 3100). D-F) Three-wk-old wild-type testis sections. D) Hematoxylin and eosin staining (arrow shows intertubular cells). E and F) HSD3B1-positive differentiating progenitor cells with an oval-to-round nucleus at lower and higher magnifications (block arrows). ALC, adult Leydig cell; FLC, fetal Leydig cell; Tu, tubule; PLC, progenitor Leydig cell. Bars ¼ 15 lm (A, B, D , and E) and 9 lm (C and F). Together, our results show that loss of SIRT1 results in diminished HPG endocrine signalling, leading to defective adult-type Leydig cell and Sertoli cell maturation, reduced testosterone production, and arrested spermatogenesis.
DISCUSSION
SIRT1 Is Required for Postnatal but Not Embryonic Testis Development
Many recent studies have focussed on the role of SIRT1 in the control of metabolism and energy homeostasis. Here we describe an additional and critical physiological function, as, although SIRT1 is not required for embryonic and fetal development of the male gonads, it is required for the HPG signaling axis, and is thus essential for normal postnatal testicular development and spermatogenesis.
On the 129/SV background used here, most animals died before 4 wk of age, and only rare animals survived beyond this stage, and died around 6 wk of age. Analysis of spermatogenesis showed that seminiferous tubules appeared normal in 1-day-old pups, showing that SIRT1 is not required for embryonic and fetal gonad development. In contrast, the first round of spermatogenesis was almost completely arrested during late meiosis, with only rare round spermatids being observed. Numerous apoptotic cells were found in the mutant seminiferous tubules; however, TRP53 levels in the mutant testis did not show any significant changes. Analysis of the transcriptome data also did not indicate a significant change (data not shown) in the Bax/Bcl-xl ratio, markers of a pathway known to be involved in apoptosis during the first wave of spermatogenesis [39] . Alternatively, apoptosis may rather be mediated by the Apoptosis Inducing Factor (AIF) pathway [40] . Interestingly, spermatogonial multiplication and stem cell renewal appeared normal, despite our observation that these cells express high amounts of SIRT1.
To better understand the events that lead to the spermatogenic arrest induced by SIRT1 inactivation, we performed a global analysis of gene expression changes. Microarray and RT-QPCR analysis of genes expressed at various stages during spermatogenesis clearly supported the conclusions of the histological analysis. Genes expressed in premeiotic and earlyto mid-meiotic stages showed only minor variations in their expression. In contrast, a strong down-regulation of postmeiotically expressed genes was observed, consistent with the loss of this cell population in the mutant animals.
Both histological and immunohistochemical analysis revealed the presence of comparable numbers of fetal-type Leydig cells in neonatal wild-type and SIRT1 mutant testes. Similarly, no differences in expression of the steroidogenic genes and Leydig cell markers were observed at this stage. The transcriptome analysis on the 3-wk-old mice did, however, reveal down-regulation of Leydig cell steroidogenic genes and, consequently, dramatically lower intratesticular testosterone levels were observed in the mutant animals. The expression of markers for adult-type Leydig cells was also strongly reduced. These observations show that SIRT1 is not required for normal development of fetal Leydig cells, but for the formation of a normal population of adult-type Leydig cells. A similar situation was observed for Sertoli cells, which appeared normal at birth, but failed to undergo postnatal maturation.
Our results differ somewhat from those previously reported. McBurney et al. [21] have shown that the phenotype of SIRT1 inactivation is strongly influenced by genetic background. Mice outbred on a CD1-129/SV background, although abnormal, can survive into adulthood. Analysis of spermatogenesis in adults showed an incomplete arrest, with greatly reduced numbers of spermatocytes, and mature spermatids. Moreover, while our study was in progress, Coussens et al. also described the spermatogenic phenotype of Sirt1 À/À mice [41] . The phenotype observed by Coussens et al., on a C57BL6 background (Dr. R. Allsopp, personal communication) is similar to that of McBurney et al. [21] where Sirt1 À/À animals survive until adulthood and show defective rather than arrested spermatogenesis. Furthermore, by microarray analysis, they found only 85 deregulated genes, compared with more than 1000 found in our study. We have compared our data with those of Coussens et al.; however, in accordance with the fact that the phenotypes are very different, there are very few significant similarities in the transcriptome. In our analysis, many postmeiotic genes are classed as strongly downregulated, while, in the Coussens study, spermatogenesis proceeds past this stage, and these genes do not appear to be affected. Moreover, the genes that are the most strongly affected in the Coussens study (e.g., Kif3a, Eif5b, and Vwc2 that are strongly up-regulated and Spesp1, Slc9a1, and Spin2 that are down-regulated) are unchanged in our data set.
There is, therefore, a significant difference between animals bred on the C57BL6 and CD1-129/SV backgrounds and our animals backcrossed on a 129/SV strain. Although our animals cannot be considered to be on a ''pure'' 129/SV genetic background, they already show a very significant increase in the severity of the phenotype. Together, these results show that genetic background has a profound influence on the phenotype of SIRT1 inactivation. It will be challenging, but interesting, to identify the genes that are responsible for the supressor and enhancer effects of SIRT1 activation.
A Potential Role for SIRT1 in the Functional Interplay Between Metabolic and Reproductive Physiology
While the absence of properly differentiated Leydig cells, the consequent lack of testosterone, and abnormal maturation of Sertoli cells explains, in large part, the arrest in spermatogenesis, the fundamental cause underlying this phenotype is the diminished GNRH and LH signaling. Previous studies in mice have shown that inactivation of the genes encoding FSH and FSHR do not lead to a complete loss of male fertility [10, 11] . In contrast, inactivation of the genes encoding LH or the LHR leads to a phenotype similar to that of SIRT1, characterized by almost normal fetal gonad development, but defective maturation of Leydig and Sertoli cells, with strongly reduced testosterone synthesis [5] [6] [7] 42] . In these animals, spermatogenesis can progress until the round spermatid stage. The phenotype of SIRT1 inactivation, however, is more severe as spermatogenesis is arrested before the completion of meiosis, rather than at the round-spermatid stage. Note, however, that the spermatogenesis phenotype was analyzed in adult LH and LHR mutant animals. In outbred strains that survive into adulthood, the SIRT1 mutant phenotype more closely resembles that of the LH and LHR mutants described above. HPG mice in which part of the Gnrh gene is deleted [12] also have a phenotype similar to the LH/LHR and SIRT1 mutants. The HPG mice do not completely lack LH and FSH, which may explain why spermatogenesis can progress further in these animals. Nevertheless, the observation that the SIRT1 mutant mice show a testicular phenotype very similar to that of mice with defective HPG signaling strongly suggests that SIRT1 may play no role in male germ cells per se. Indeed, while SIRT1 is strongly expressed in the spermatogonia, this cell population appears normal in the mutant animals. If this idea were valid, administration of LH or testosterone to these animals should rescue the spermatogenesis phenotype. We have attempted this experiment, but, as the Sirt1 À/À animals are particularly small and frail, we have not yet obtained animals that survive the injection procedure for a significant period of time.
SIRT1 inactivation leads to a modest but significant 2-fold reduction in hypothalamic GNRH expression and FSH levels, but also leads to an almost complete loss of circulating LH. The reduction in GNRH levels may not suffice to fully explain the strong reduction in LH levels, therefore suggesting that SIRT1 has an intrinsic function in both the hypothalamus and the pituitary, where it has a particularly critical role in LH production. Little is known about SIRT1 expression and function in the hypothalamus and how it could regulate GNRH expression. Although previous studies have shown that SIRT1 inactivation leads to abnormal pituitary development, growth hormone (GH) levels and insulin-like growth factor (IGF)-1 are not affected in SIRT1 mutant mice [17] . Consequently, this phenotype is different from that seen in hypophysectomized mice [43] . We also found that expression of GH receptor, IGF1, and IGF binding protein 1/2 did not change in the mutant testis, indicating that defects in this pathway were not responsible for the spermatogenic phenotype (Supplemental Fig. 3 ) [44] [45] [46] . The effect of SIRT1 on pituitary function thus appears to be specific for LH and, to a lesser extent, FSH.
Previous studies have shown that SIRT1 specifically deacetylates transcription factors such as FOXO1 or PPARG-C1A in response to metabolic cues to modulate their activity and the expression of target genes [19, 20] . The transcription factor substrates of SIRT1 deacetylase activity in the hypothalamus and pituitary remain to be identified. Such factors may directly regulate GNRH, LH, and FSH expression, or be involved in normal hypothalamus and pituitary differentiation and development. However, the observation that SIRT1 affects spermatogenesis primarily by disrupting normal hypothalamus and pituitary gonadotropic function suggests that it may be involved in coupling the HPG pathway to lifestyle disorders, such as obesity, that are well known to influence male fertility [2] . Previous studies have shown that the signaling molecule, leptin, acts on the hypothalamus to couple energy balance with HPG signaling [47, 48] . In situations of both calorie restriction and excess, leptin acts to repress gonadotroph signaling. It remains to be determined whether SIRT1 is part of this pathway, or if it acts independently by a distinct mechanism.
